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- { temperature standard to determine Arrhenius parameters for the homogeneous gas

3 phase thermal cecomposition of nitrobenzBne (NB), mets-dinitrcbensens (m-DNB),

:J para-nitrotoluene (p-NT), ortho-nitrotoluene (o=-NT), aund 2,4-dinitrotoluene (2,4~

DNT). 1In all cases the principsl rate-limiting step is the homolysis of the Ar-

T NO, bond. The messured Arrhenius parameters for homolysis range frca log A =

) 14,5 to 16.4, and from Z_ = 67.0 to 70.0 kcal/wol. The bond dissociation enexr-

J gles derived from the results are 71.4, 73.2, 71.4, 70.2, and 70.6 kcal/mol, res-

é pectively, for the above series of compounds.

) Compound log k (sec)) BDE(keal/mol)

o nitrobensens 15.5 £ 0.5 - 68.2/ % 1.7/2.3 BT 714 + 2.0

B a—dinitroenzens 14.5 £ 0.5 = 70.0/ ¢ 2.1/2.3 RT 73.2 + 2.4

-: rutIOQOIM“ 14.9 + 0.5 - 6302/ + 200/203 T 710‘ + 203

e o-nitrotoluens 16.4 £ 0.6 - 6700/ + 2.2/2-3 BT 70.2 + 2.3

dinitrotoluene 15.3 £ 0.4 = 67.4/ £ 1.7/2.3 RT 70.6 + 2.0

FPor o-NT alone in this series, data suggest the existence of a minor decomposi-
tion pathway whose products have not yet been determined. This could reflect t

- onset of the as-yet unelucidatsd reaction mechanisms that dominste the condonso:q
phase reactions of ortho—substituted nitroaromatics.
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¢
) The LPHP technique was also used to assess the role of C-H bond scission in
ig the very high temperature decomposition of ethylbenszens. Contrary to a recent
o suggestion, initial C-C bond scission was found to be completely dominant,
fs even at tamparatures as high as 1500 K.

| Preliminary results for trinitrobenzene and trinitrotoluens indicate that

¢ decomposition takes place by other pathways than initial phenyl-NO; boud scis-
B sion, and that the net result is destruction of at least 50X of the aromatic
f% rings. The recently completed molecular—besm mass spectrometrically monitored
-\ LPHP system will help to settle this issus by providing for direct, real-time

> ‘observation of the initial reaction products for these and other very low-
vapor pressure enargetic materisls. This will provide an important comple-
ment to the GC/MS monitored LPHP system, which will continue to be useful bceaulﬁ
of its ability to quantitate complex product mixtures with a very wide dynamic
detection range.
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ABSTRACT

L}ucr-pouud homogensous pyrolysis (LPHP) has been successfully used
to provide conditions where surface-sensitive substrates can be indirectly
heated by an infrared laser and allowed to react while remote from potenti-
ally catalytic surfaces. The use of tha comparative rate technique with
LPHP provides an accurate indirect temperature measurement and has made
practical the extraction of thermal decomposition Arrhenius parameters. A
laser-haated, GC/MS-monitored, stirred-flow rsaction cell has been used
with cyclohexens as the internal temperature standard to determine Arrhen-
ius parameters for the homogeneous gas phase thermal decomposition of
nitrobensEne (NB), meta~dinitrobensens (m-DNB), para-nitrotoluens (p-NT),
ortho-nitrotoluene (o-NT), and 2,4-dinitrotoluens (2,4-DNT). In all cases
the principal rate-limiting step is the homolysis of the Ar—NO’Q bond. The
measurad Arrhenius parameters for homolysis renge from log A = 14.5 to
16.4, and from 821 = 67.0 to 70.0 kcal/mol. The bond dissociation energies
derived from the results are 71.4, 73.2, 71.4, 70.2, and 70.6 kcal/mol,
respectively, for the above sarias of colpoundo&

Compound  log k (secl) BDE(kcal/mol)

nitrobenzene 15.5 £ 0.5 -~ 68.2/ ¢+ 1.7/2.3 RT 71.46 + 2.0
m-dinitrobenzene 14.5 £ 0.5 - 70.0/ + 2.1/2.3 RT 73.2 + 2.4
p~nitrotoluens 14,9 £ 0.5 - 68.2/ + 2.9/2.3 i 71.4 + 2.3
o-nitrotoluene 16.4 £ 0.6 ~ 67.0/ = 2.2/2.3 RI 70.2 + 2.5
dinitrotoluene 153 £ 0.4 ~ 67.4/ £ -7/2.3 RT 70.6 + 2.0

For o~NT alone in this series, data (uggut the exi. -»nce of & minor decowr
position pathway whose products have not yet been determiun. *- This cculd

(]

reflect the onset of the as-yet unelucidated reaction mechanisms ti1°" Jewr

inate the condensed-phase reactions of ortho-substituted nitroaromatics.
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The LPHP tachoique was also used to assess the role of C-H bond scis-
sion in the very high temperature decomposition of ethylbenzene. Contrary
to a recent suggestion, initial C~C bond scission was found to be completely
dominari:, even at temperatures as high as 1500 K.

Preliminary results for trinitrobenzens and trinitrotoluens iundicate
that decomposition takes place by other pathways than initial phenyl-NO,
bond scission, and that the net result is destruction of at least 30X of
the arowatic rings. The recently completed molecular—-besam mass spectromet-
rically monitored LPHP system will help to cettle this issue by providing
for direct, real-tine observation of the initial reaction products for
these and other very low=vapor pressure energetic materials. This will
provide an important complement to the GCC/MS monitored LPHP system, which
will continue to be useful because of its ability to quantitate complex
product aixtures with a very wide dynamic detection range.
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INTRODUCTION

For many years, determination of the initial chemical steps in the
decomposition of energetic materials has been a goal that has sluded
researchers. During this project, the laser-powered pyrolysis technique
has been cuccolatullf developed and used to study the kinetics and mechan-
isas of the homogensous decomposition of moderately low volatility, high
surface-sensitivity energetic materials. The following tasks have been
accomplished:

(1) Construction of the second gensration heated-flow~
cell/heated-inlet-system, GC-monitorad laser-powered
homogenous pyrolyaie apparatus (LPHP-2)

(2) Conversion of the GC detection systeam to a GC/MS system

(3) Use of LPHP-~2 to determine the products and Arrhenius
parameters for the gas—-phase thermal decomposition of:

nitrobenzens
ortho-nitrotoluene
mata=-dinitrobenzene
para—-nitrotoluene
2,4=-dinitrotoluens

(4) Use of LPHP-2 to obtain preliminary rate measurements for
the gas-phase thermal decomposition of trinitrobenzene and
trinitrotoluene

(5) Use of LPHP-2 to study ethylbenszene and help settle a
controversy over the products and mechanism of its very
high temperature decomposition

@
:
_Yi
:

A,

(6) Design and construction of & molecular-beam mass spectro-
metrically detected laser pyrolysis system (LPHP-3) that
will detect the initial products directly, without the
need to trap reactive species with scavengers.

e

e B, » SRR . AW e L N

In addition, AFOSR funding (now in its first year) has allowed us to
supplement these afforts by & parallel study focusing on nitramines. Thus
far, this work has resulted in the use of LPHP-2 to obtain rate and product
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determination and preliminary Arrhenius parameter measuraments for dimeth-
ylnitramine and dimethylnitrosamine, and is currently being used to test
out the newly constructed molecular-beam LPHP-3 system.

Rasults listed under items (3) and (5) are briefly summarized in the
next section, and are fully described in published papers, reprints of
vhich are included as Appendices A and B. The report includes some addi-
tional discussion and comparison of the nitroaromatic decomposiil!on results
with the heated single—pulse shock tube results of Tsang. The report also
presents a brief description of the results for dimethylnitramine and the
trinitroaromatic decomposition, as well as a description and discussion of
certain design considerations for the molecular beam LPHP syiatem.

|
|



RESULTS

A. Mono~ and Di-Nitro Conggundc: Dcconzguition Via 811210 Bond Scillion

. Laser-poversd-homogsnsous pyrolysis (I.PHP)1 has been used to study the
gas—phase thermal decomposition of nitrobenzene (NB), m~dinitrobenzene
(x~DNB), p-nitrotoluene (p=-NT), o-nitrotoluene (o-NT1), and 2,4=dinitrotoluens
(2,4-DNT) under conditions where surface-catalysed reactions are precluded.
These results are described in detail in Appendix A. The Arrhenius param—
aters have been determined by comparative rate measurements rvelative to
cyclohexens decomposition and the dominant reaction mechanisms have been
established. 1In all cases, the principal rate—~limiting step is the homol-
ysis of the Ar-NO, bond. The measured Arrhenius parameters and the bond
dissociation energies for the C-NO, have been derived from these results.

S
"
W
7

,§ Compound log k (secl) BDE(kcal/mol)
e
i nitrobenzene 15.5 £ 0.5 - 68.2/ & 1.7/2.3 BT 1.4 + 2.0

| n-dinitrobenzene 14.5 # 0.5 = 70.0/ # 2.1/2.3 RT 73.2 + 2.4
e p-nitrotoluene 14.9 £ 0.5 - 68.2/ % 2.0/2.3 RT 71.4 + 2.3

o-nitrotoluens 16.4 + 0.6 - 67.0/ & 2.2/2.3 RT 70.2 + 2.5 F
% dinitrotoluene 15.3 £ 0.4 = 67.4/ % 1.7/2.3 BT 70.6 + 2.0 :

The description of these results in Appendix A includes some compar-
ison vith the preliminary results obtained by Tlungz for the three monu-

~ ¥

nitro compounds in the above list using a heated single~pulse shock-tube

(SPST). There are complexities in the nitrotoluene decomposition not dis-
cussed in the short summary given above. These complaxities ate respon-
sible for some of the differences batween the SRI results obtained with
LPHP and the results obtained by Tsang with the SPST technique. It 1is
important to determine the extent to which these differences merely

v L. =
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represent exparimental scatter in either or both of the methods, and the
extent to which they reflect differing competition between alternative
reaction pathways under somewhat different reaction conditions. To this
end, we have compared the results and outlined below the various differing
experimental factors in the two experimental techniques.

In trying to understand the implications of the differences between
the SPST results aund LPHP results, it is important to first undarstand the
extent of the agreement. The absolute rates determined by the two techni-
ques for nitrobenzene are in good agreement, differing only by a factor of
1.7 (AG"l at 1200 K= 1.3 kcal/mol). Moreover, the measured nitrobenzene
Arrhenius parameters (for kuni) ara also very close. The extent of this
agreement can be seen in Figure 1 and Table 1, where the LPHP and SPST
results are compered for each of the three substrates that have so far been
studied by borh techniques. The figure offers an immediate visual impras~
sion of the extent of agreement. However, it does not show that the LPHP
1asults are lowered by about 0.1 log unit because the bond scission reac-
tiau was slightly in the falloff under the LPHP conditions, whersas the
SPST ronditions (pressure 3 atm ve. 0.4 atm in LPHP) provided reaction at
the hig!: pressure limit. This factor is taken into account in Table 1.
Note that the temperature “calibration” of the abscissa (the horiszontal
location of the dashed lines) is found by taking the value of © as that
which sakes the vertical distances to the sppropriate solid lines equal to
the differences in the log k values (columns 2 and 8, Table 1), correspond-
ing to the actual measured Arrhenius paremeters. The value of t (10 ps)
that produced the correspondence is an "average" reaction time and an
“nffective” ruaction tewperature. That this value of T happens to agree
&.moet exactly with the normal resction time that we commonly use and that
was devived from the time behavior of spatially averaged infrared fluores-
cence measurerents indicates that the actual peak temperatures are not far
above the "effectivy” reaction temperatures, i.e., the reaction does not
take place lii « euwa. i Yraction of the nominally heated volume at tempera-
tures far higher than the "effective” reaction temperatura.

M:t only are the results for nitrobenzene in very good agreement, but
ain. che total ratev of disappearance of ortho-nitrotoluene (o-NT) are also

- " .-‘.-.‘.-I'.--'..-"-.‘-.' '-l '-- -1 '.- '-l l.l l-".lx‘-‘-‘.'....-' l-..'.I "n _.l. "'\.‘-.\- ‘.--‘h'—‘".‘\-"l‘h“&.l..‘.....‘..“..I. R
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-
w20 e
"
=
3.0 —
40 L T S W | | L1
3.0 -24 -1.8 -1.2 0.8 0.0
LOG K 7, CYCLOHEXENE
JA-4814-3A
FIGURE1 LPHP COMPARATIVE RATE PLOT FOR AI'NO2 DECOMPOSITION

Dashed lines 8, b, ¢, correspond to SPST paramesters from Tsang.

{a) ortho-nitrotolusne {ses footnote a in Table 1).
{b) nitrobsnzene
{c) para-nitrotoluene.

Wl wL et st et e el et et T I T L o m® wiw WLt S

ek e




T AT A I RTS8 TR B S e— v B 8w 7 e e —

At el e
"bn.- td -\‘J

SRS
VoW 2

- (oFI®1 Iouwreq ssem 1SJS/dHdT) B0t + = 3 Boy o3 _Juawasn(py,,

,Ql..

vy .0

(0°1) sLet ---- 0°0L ‘S*y1 - - - G/*1  IUITUIQOIIFUIP-= o

96°0 LT TY9 ‘6YT 879 ‘8tyl TT°E vz suantojo13yu-d A

96°0 70°¢ ---- 09 ‘st = - - 00°¢ ING-%°T w

¥8°0 L1°¢  §°69 ‘ST°ST  $°99 ‘T'ST  IE'€ 60°€ suszuaqoa3yu

STy SL°0 60°Y  S°T9 ‘S6°yT  S°S9 ‘6°ST SI°€ 6°¢ 3uaNT0301370-0 L
fee *x “w/x “x 1S Suesy 188 Sues), T3S s3w138qnS v
Sussy %S . e
® . :
Xg Xy gor ooz1 ‘™ for o

NOLLISOSM0EA “ONIV W04 SYALEAVEVA SIINEHWEV :

QIAIYSG-1SAS GNV —dHJT 40 ROSIAVANOD

1°19% kY

o L .. I T TP (DY P Y PR Y TWAS RS P (LA



in reasonable agreement, when we consider that the LPHP-~derived parameters
reflect @ fair mass balance (75%) and the SPST-derived paramesters reflect
the recovery of substantially less (292 to 34X over the experimental tem—
perature range) toluene from the decomposed o-NT. [In both techniques, the
ratio of substrate at time gero to unreacted substrate at time t required
for calculation of the decomposition rate constant is provided by the
ratio: (products + unreacted substrate)/(unreacted substrate).] Thus, with
both techniques the total rates of disappearance of o~NT are similar, but
different amounts of substrate are lost to the as-yet unknown pathway. The
possible reasons for the different degrees of loss ars discussed bdelow.

The most perplexing point of disagreement at this point is the reac-
tion of para-nitrotoluens (p=NT). Whareas the LPHP results show p=NT to
react at ~ 25% of the rate of NB, the SPST results show the value to be
about 802 of the nitrobenszene rate (corresponding to a discrepancy in
Ac*xzoo for the two substrates of 2.9 kcal/mol). This disagreement is very
puzzliug in light of the agreement for NB and o-NT, particularly since the
nsss balances for p-NT are good with both techniques. That is, with o=NT
and its evident interaction between tha methyl group and the ortho-methyl
substituent, some differences are not surprising. With p=NT, on the other
hand, one would have expected the game kind of consistency between the two

: techniques as was seen for NB itself.

To determine whether the p~NT rate is depressed too amuch in the LPHP
results, or too little in the SPST results, thers are two other comparisons

that may be made within the set of LPHP rate constants reported here. Both
these comparisons involve the decomposition of 2,4-dinitrotoluene, where

there is both an ortho-methyl-substituted und a para-methyl-substituted NO,y .

"I

The first comparison is between the difference between o~NT and p-NT
(and o-NT and NB) absoluts rates on tha one hand and the difference between
0-NO; and p-NO, loss from 2,4-DNT on the other hand. From Table 1, and the
8% yield of o~NT from 2,4-DNT, we have:

E Rate of p-NO, loss from DNT:

A 10‘ k.'lzoo (O-NT - P—NT) = 4,09 - 2,47 = 1,62
A l0g ka 1300 (o-NT - NB) = 4.08 - 3.17 = 0.92
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yield p~NT )

A 1log k, (0~NO; loss - p-BI, loss) = log (
yield o=NT

([100 - 8]/0.96])
- log - 1.08
8

The difference between o~ and p—NO, loss from 2,4-DNT is greater than the
difference betwsen o-NT aud NB and less than the difference betwesn o~NT
aud p=NT. Taken at face value, these differences suggest either that
prmethyl substitution has a somewhat smaller rate-depressing effect on loss
of NO, from & ring that is already substituted with a second nitzo group,
or that the nominal effect of para-methyl subatitution shown by the LPHP
data for p-NT is indeed somewhat (0.4 %o 0.5 lcg units) too large.

A related comparison is betwaen the rate of P-NO; loss from 2,4-DNT
and the rate of loss of one of the KO, groups in w~DNB.

Rate of p-NOz loss from DNT:

108 ka 1200 (2)4-DNT) - log ( 12092817096 § . 307 - ;.08 = 1.94
log k-,12oo (a=DNB, per NOy) = 1,75 = log 2 = 1.45

Hare we see that the rate of loss of the p~NO, is somwhat greatar (0.5
units) than the lose rate for a single -NO; from =~DNB. That is, substitu-
tion of a p-methyl group onto m~DNB actually causes an increase in the loss
rate for the p~NO; group. Thus the effect of the second NO, group would
appear to be diluted by the presence of a methyl group ortho- to it. Thus
these two attempts to determine whether the effect of p-methyl substitution
on NB is consistent with its effect on m~DNB decomposition indicate that
the two rate-retsrding effects are not additive (or that the precision of
rate measurement for the minor pathway in 2,4-DNT decompositicn is insuffi-
cient to make the comparison reliable). In either case, the data now in
hand dv not provide a check on the magnitude of the rate-dpressing effect
of p~methyl substitution.
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Note that the apparent lack of additivity discussed above for two
retarding effects is in contrast to the additivity demonstrated (Appendix A)
for the retarding effect of mNO, substitution and the accelerating effect
of o-methyl substitution. The question of the effect of pmethyl substitu~-
tion on NB can be sattled by performing competitive decomposition experi-
ments with a mixture of NB and p-NO; (or with a mixture of p-NT and
2,4~DNT, since competitive measurements with 2,4-DNT and o~NT have already
been performad).

To help determine the origin of the differances discussed above, Table 2
lists the reaction conditions provided by the LPHP-2 techniqus and the
single-pulse shock tube as used Ly Tsang. The principel apparent differ-
ences relate to the diffarent reaction times or dwel] times and the graater
variations of temperatura with time and space in the LPHP technique. The
possible effects of these differences are briefly discussed below. The
arrors resulting from anticipated temperature~time-space inhomogensities
are fully discussed in Raference 1, vhers the developwent of the technique
is described, and in Refarances 3, vhere other suthors also address the
application of the comparative rate method to a nonisothermal laser
pyrolysis technique, and in reference 4.

The first obvious difference is thet in the pulsed-laser LPHP, a total
reaction time similar to the 1 ms of the SPST is obtained by many heatings
(typically 30 to 350) of about 10-ps duration each. The initial LPHP cool-
ing rate is >100 K/10 us versus < 10 K/10 us for the SPST. In a situation
where active intermedistes remain hot for only 1/100 of the time that they
do in the SPST, one might expect some differences in the behavior of these
internediates. However, this difference doas not seem to explain the par-
ticular differences seen in the o=NT behavior, because a phenyl radical is
not easily decomposed, and since production of o-methylphenyl radicals by
another route in the SPST leads exclusivaly to formation of toluene as the
final produc:.z Thus, the greater loss of decomposed o-NT in the SPST is
not essily attributable to some high temperature decompoeition pathway for
mathyl substituted pheuyl radicals, but appears to reflect the fact that
70% of the reaction under those conditions never involves formation of the

phenyl radicals.
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Table 2
2 COMPARISON OF LASER PYROLYSIS AND SHOCK-TUBE REACTION
' CONDITIONS FOR NITROAROMATIC DECOMPOSITION
§ Paraneter LPHP SP Shock Tube
‘ Reaction temperature 1100-1300 K X
Reaction time ~10 us ~1000 us i
5 (x 30 pulses) e
N ‘L
. Bath gas COy Ax ;?:,“
t Peot 300 Torr 3 Ata 3
) Substrate partial ~ 0,03 Torr ~0.1 Torr 1"'?.
) pressure b
‘; Scavengars used o~fluorotoluene, o~fluorotoluene
7 ' cyclopentans cyclopentane
.4
4 Scavenger partial ~5 Torr ~30 Tore
X pressura
5 Initial cooling rate > 100 K/10 us < 10 K/10 ps
! Scavenging conditions 10 uys at peat T, ~l ms at peak T
naasured over
3 T range 800-1200 K
~ v Estimated scavenging ~2 x 1073 ¢ ~2 x 1074 ¢
. lifetinms for phenyl
- radicals (with o-F=toluene)
N
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The second obvious differsnce between LPHP and SPST reaction condi-
tions is related to the recognised temperature inhomogensities in the LPHP
techuique; these suggest that s significant portion of the reaction takes
place at teuperatures somevhat higher than the nominal peak temperature.
(Note that even if the laser intensity were coanstant across the entire
beam, cooling by an axially symmatric expansion wave traveling inward frowm
the periphery of the laser-heated cylinder of gas results in reaction times
ranging from zero at the periphery to the transit time to the axis for mol-
ecules located on the axis. This means that definition of the "average”
reaction time as that transit time will result in a nominal reaction tem~
parature somevhat lower than the actual peak temperature. (In the current
casa, this difference amounts to about 350 K,) PFurthermore, any Gaussian
distribution or inhomogeneities in the laser beam may mean that the actusl
peak temparature is even further above the nominal peak temperatura. As
restated above, error cnalylo|1'3 show that the comparative rate techaique
accompodates such variations very wall, as long as the temperature standard
has a temperature dependence close to that of the substrate, and the frac-
tional reaction of both substances is kept below about 25X (per pulse, in
the heated zone). Howaver, in the avent that decompoaition of the unknown
proceeds by two competitive pathways having different temperaturs depen-
dence, then functioning of the LPHP system at temperatures significantly
higher (say 100 to 150 K) than the nominal peak temperature could result in
correct determination of tha temperature dependence, but for a somewhat
different branching ratio than would be seen by a SPST operating in a lower
temperature range. In discussions with Tsang, this was suggestad as a pos-
sible explanation because the SPST mass balance for o~-NT increases from 29%
st the low end of the temperature range to 34X at the upper end.

The above explanation makes qualitative sense, but seems quantita-
tively unlikely for the following reasons:

(1) The real LPHP temperature range would have to be very much
higher to push the mass balance from 34X to 70%.

(2) The temperature range covered by each of the two techniques
is already more than 100 K (in the raunge 1050 to 1250 K).

11
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(3) The actual LPHP peak temperature cannot exceed about 1500 K
without the production of significant amounts of F atoms
from the infrared absorber (the effects of which are not
seen in any of these experiments).

The above detailed discussion is included in this report because we
assume that delineation of the factors responsible for the differing con-
tributions of the "unspecified” process in these two systems will be an
important clus to the nature of the process, and to the pathological
behavior® of certain nitroaromatics that has mystified chemists for some
time.

[}

Howaver, this discuseion should not detract from the central point--
nexely, that the LPHP and the SPST results are in substantial agreemant on
several aspects of nitroaromatic decomposition. First, the total decompo-
sition rate constants mneasured in the two systems are vory‘linilar for both
nitrobenzens and ortho-nitrotoluene. Second, s substantial porcion (70%
and 30Z, respectively) of the o-NT decomposition has, for the firs: time,
been shown to take place through a "normal” phonyl-NOz scission when con-
strained to react in the gas phase in the abssnce of solid surfaces and con-
densed phases. Third, even under the "surface-free" conditions provided by
each technique, a2 significant part of the ortho-nitrotoluens reaction (25%
and 70X, respectively) takes place through an ss-yet unspecified process.

B. Trinitro Congoundls Docomgouition to Yield Low Moleacular
Weight Products

Using as background ihe measured decomposition pathways and rates of
mono- and dinitrocompounds discussed above, we conductad preliminary studies
~f the decomposition of trinitroaromatics using the GC-monitored laser
pyr.lvsis system (LPHP-2 described in detail in Appendix A and reference 1).
Preliminary results indicate that the decomposition rate of TNT is similar
to that for o-nitrotoluene. The surprising, =r as ye: wexplainud, rezult
is that gas-phase decomposition of TNT does not produce any 2,4-DNT, the

12
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expected product of loss of one of the ortho-nitru groups followed by sca-
venging of the 2,4-dinitro radical thus produced.
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L—'———O Lov Molecular Weight Products (d 350%)

This result applies whether or not a scavenger is present. Not only is DNT
absent, but also thers are no products in the boiling point range of eithar
mono- Or di-nitro compounds. What we do sees are products eluting in the
vicinity of Cq or C, hydrocarbons, and such products account for at least
350X of the decomposed INT.

Mass spectral identification of these products has thus far beea hind-
ered by limited intensity of the product eignals and an interfering back-
ground at low mass arising from the large excess of 8F¥¢ and COp, vhich elute
in the same vicinity. The products aight be acetylens derivatives resulting
from destruction of the aromatic ring. These could be produced by high tem=
perature decomposition of adsorbed (and infrared absorbing) materials on the
KCl windows. Experiments are pending to test this and other possibilities,
and thus sn extensive discussion is prematurs. Howevar, bacause reaction at
(or on) the window surfaces is the one possibility for heterogencus reaction
that the LPHP-2 system does not preclude, that possibility must always be
kept in mind. Therefore, we consider belov some factors indicating that
reaction at the window surfaces is uniapcrtant.

The first factar tiur tends o make window reactions unimportant is
that reaction times on the order of 10 us are much shorter than diffusion
times to the reactor windows for all but that portion (~ 1X) of the reac-
taants in the lassr-heated region closest to the windows. In addition, the
windows, because of their low absorption and high heat capacity, are véry
cold compared with the gas phase reaction temperature. Thus, if the bulk of
the substrate residing in the region swept out by the laser baam is, in
fact, in the gas phase, then it is probable that the decomposition occurs
entirely in the gas phase. Even if, in the case of a low volatility sub-
strate like INT, there is an equal smount of substrate residing on the

13




windows as in the gas phase, and even if its extinction coefficient at 10.6 pnm
were high enough to heat it to reaction temperature, good thermal contact

with the bulk KC1 would ensure a heat loss rapid emnough to preveat reaction

of the adsorbed molecules. '

An exception to this generalization could occur if a char coating
forms on the KCl1 surfacse, which is IR-absorbing, and furthermore is not in
good thermal contact with the surface. In this event, any substrate
adeorbing on this char could wall be heated to temperatures of 2000 K.

Such toﬁpcra:uron could generate acetylens derivatives from many differant
organic substrates. To assess the potential importance of this mode of
surface reaction, it is helpful to counsider the time dependence of any char
formation on the windows. Our observations support the expectation that
the formation of such carbon deposits on the windows is an autoaccelaratory
process: the bigger the carbon particles are, the more substrate and light
they can adsorb, the longer they stay hot, and the faster they will grow.

In the case of the mono- and dinitro aromatics, there was no problem
with carbon deposits. Such deposits would sometimes form, but only as &
small side-reaction and only after veeks of continuous use of the system;
more importantly, data taken shortly bafore the laser heating of the carbon
particles became visible to the naked eye showed the same products and
rates as data tsken weeks sarliar. Given the autoacceleratory nature of
the carboa formation, rhis strongly suggests that neither set of date was
significantly influanced by surfeca reactions. In the case of TNT, the
carbon deposits form wnra readily than wirh the mono~ and dinitrotoluenes,
but the exclusive productizn of light products 1s a vesult that appears,

nevertheless, to be independent of the time remaining befsre carts. Juima-
tion is visible.
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A particular characteristic of nitro-phenyl radicale that could lead
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to secondary pyrolysis on the windows is an initial formaciu" of lers vola- é;
tile products than otherwise expected from an initial phenyl-NO, scission; A
this occure because of the tendency of the radicals thus formed to add to -ﬁﬁ
the aromatic system of a potantial scavenger rather than to abstract benzylic it&
hydrogens. Literature data® show that in solution this tendency increases 2
a8 the number of NO, groups on the phenyl ring increases. In the case of (éi
. .%z':
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INT, this would result in the initially formed 2,4-dinitrophenyl radical
adding to toluens to produce a dinitrobiphenyl species.

a,

Whereas INT has sufficient volatility to remsin largely in the vapor phase
under LPHP-2 conditions, the biphenyl derivative would have substantially
lower volatility. (In the absence of any added scavenger, the initially
formed vadical could add to TNT itself to produce a tetra~ or penta-nitro
biphenyl derivative. If these additives were preferentially adsorbed on
the KCl surfaces irradiated by the lasar rather than on the larger area of
non-window surfaces in the cell), further pyrolyais in subsequent laser
pulses could account for the good yield of light products.

To determine the possible importance of this addition mode of scaveng-
ing, we used cyclopentane rather than toluens as a scavenger. (No addition
is possible with cyclopentane.) Cyclopentane functions as a scavenger as
indicated below and provides no aromatic system to which a product radical
could add.

When TNT was pyrolyzed in the presence of a large excess of cyclopentane,
the sams low molecular weight products wers observed. Thus, radical addi-
tion to scavenger molecules does not appedr to account for the absence of
volatile products from the decomposition of TNT. Furthermore, the complete
shsunnd of heavy products in the presence of a large excess of cylcopentane
wostlel appudy to irule out ony chance that dinitrophenyl radicals add to TINT
fte-1f. hu-h self-addition temcki -4 are suggested by the fact that

15
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condensed~phase TNT decomposition is wall known to result in formation of
materials described>® as "explosive coke.” This clearly indicates 2
tendency of soms intsrmediates to undergo addition reactions.

On balance, it does not appear that the failure to see products in the
molecular weight range of DNT is merely a result of our inmability to scav-
enge the initially formed radical. This conclusion is supported by the
indications (see Appendix) that although o=NT undergoes phenyl-NO, bond
scission, o-NT itself is very near a threshold for a change in reaction
mechanism. Thus, it is possible that the initial series of rapid ges-phase
reactions itself result in the destruction of the aromatic ring of TNT and
the formstion of low molecular weight products. We addressed the question
of the role of the methyl group in the exclusive formation of low boiling
products by carrying out the decomposition of 1,3,5-trinitrobansens under
the same conditions used for INT. Only products boiling in the vicinity of
' C=2 and C-3 hydrocarbons were observed, indicating that a structure having
the methyl group flanked by two NO, groups is not unecessary for facile
destruction of the aromatic ring.

1o summary, the preliminary results obtained for TNT and TNB do not
clearly indicate why there are no products traceable to initial phenyl-NO,
scission. Although the considerations discussed above suggest that the
light TINT products are not the result of surface reaction, definitive evi-

dence one way or the other is needed. To suswer this question, we tried
raising the cell temperature to the 200-220°C limit of the viton o-rings
and covering the lassr beam ports with a second set of KCl windows to mini-
mize convectional cooling of the cell windows. These changes resulted in
no change in the INT results (i.e., no observation of volatile products
having an intact pheayl ring). This does not rule ocut loss of vapor-phase
products to the walls followed by laser—-induced reactions on the window
surface, but merely indicates that if any such absorption sequence were
taking place, removal of the vapor-phase products from the cell war not
even competitive with loss by adsorptien.

16
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We plan to take additional, more detailed approaches, including

(1) Using a longer path-length cell and short focal length
mirror to bring the laser beam into the cell, with an
intensity sufficient to cause reaction only at the
bean waist; this will occur in the center of thes cell,
remote from the windows.

(2) Using a longer path-length cell and additional KCl1 "windows"
inside the cell to tast the affect of additional KCl surface.

The behavior of the trinitro compounds emphasizes the value, as a
complementary technique, of a molecular-beam-sampled version of LPHP, where
contact with reactor surfaces is pracluded not only during reaction but
also before reaction, after reaction, and during detection.

C. Construction of s Molecular Beam Sampling-Laser Pyrolysis

Apparatus (LPHP-3)

1. Vacuum System
The molecular beam (MB) laser pyrolysis system is constructed of 304

stainless steel with two differentially pumped chambers plus s beam dump
system, coupled to thres oil diffusion pumps, each with Freon-refrigerated
baffle (Figure 2). The two first chambers are each svacuated by a 2400 L/s
(nominal) NRC pump, the beam dump by a 800 I./s CEC pump. The pumps can

be 1isolated from the chambers by thres punsumatic gate valves, automati-
cally activated if overpressure or cooling shutdown is detected. Each pump
has its own foreline mechanical pump; foreline pressures are monitored by
thermocouple gauges. The second differentially pumped chamber contains an
Extranuclear Laboratories 4-324-9 quadrupole mass spectrometer (QMS) with
alectron impact ionization and perpendicular beam axis disposition. The
nass range is 1-50 or 1-400 amu, depending on the high Q-head used. The
position of the QM3 is adjustable from the outside by three screws and a
bellows suspension. io» current can be detected eithar by a channeltron or
by a simple Faraday cup. The beam dump, placed after the QMS, should col-
lect and trap the residual beam, in order t¢ decresse the pressure in the
QMS chamber. The entire pumping system can be degasaed by heating up to
200°C. The chamber pressures are monitored with one ion gauge and one

thermocouple gauge per chamber, with a fourth fon gauge above the baifle of
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pump No. 2 (QMS chamber). The ultimate pressure (with no beam) is on the
order of 2-3 x 108 torr in each chamber. The system has been designed to
operate with generating pressures up to 100 torr in the flow cell when
equipped with a nozsle with a 200-pmorifice.

2. Flow Cell Operation and MB generation

A skimmer (electroformed nickel, Beaam Dynamics, Minneapolis, MN) with
200-um diameter at the throat is used as the supersonic divargent nossle,
with exponential expansion walls. The claseical skimmer extracting the
central portion of the beam has an input diameter of 200 uym. Both the noz-~
gle and the skimmer have attack edges of less than 5-um thickness. The
distance betwsen the nozzle and the skimmer entries can be varied from a
few millimeters up to 20 ma by external adjustment of a micromster screw.
The nozsle to ioniszer distance is 21 cm. Because of the necessity to main—
tain free access to the laser-heuted region in froat of the noszle, thia
region could not readily be used as a chambar for the first stage of dif-
ferential pumping. This necessitated a first chamber of some 10-cm thick-
ness, and together with the cross—axis orientation of ths quadrupole (needed to
avoid deposition of low vapor pressure materials on the quadrupole rods),
dictated the total source to ioniser distance. As a consequence, the vacuum
systets was designed for maximum flexibility and to achieve low background.
For instance, should it be desirable, the third chamber, now designated as
the beam dump, can be used to provide a saparately pumped chamber for the
quadrupole and/or to provide for axial placement of the quadrupole head.

The flow cell is a machined alumiauva block gas mixing chamber, wvhere
SP6, buffer gas, and sctive nmaterial are mixed just bafore rhe noszle.
Figure 3 1s & schematic drawing of the flow cell; Figures 4 and 5 are pho-
tographs of the vacuum chamber with the flow cell separated from the front
plate by several inches, revealing the nozzle; and Figure 6 is a photograph
of the front plate of the vacuum chamber with the nozzle and its mounting
plate removed, revealing the movable skimmer behind it. The cell tempera-
ture can be maintained constant tc within + 0.3°C, 8o as to maintain a con~
stant vapor pressure of nitramine or other substrate. The present limit on
the flow cell tumperature is set by use of viton c-rings, but this can be
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FIGURE4 LPHP-3 VACUUM SYSTEM WITH DISMOUNTED FLOW CELL
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FIGURES CLOSEUP OF NOZZLE AND DISMOUNTED FLOW CELL

PRSI

FIGURE 6 LPHP-3 VACUUM SYSTEM WITH NOZZLE AND NO2ZLE-
MOUNTING PLATE REMOVED
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increased by the use of other materials if desirable. The call is designed
to operats at flow rates that ensure complete renewal of the gaseous reac~
tion mixture before the next laser heating pulse.

8F¢ and the buffer ges are premixed from commercial cylinders at known
partial pressvures by controlling pressure and flow using conventional tech-
niques in a vacuum manifold connected to the flow cell. The pressure is
reduced from 3 psig to 100 torr by an additional pressurs regulator, and
about 90X of the flow called the dilution flow is allowed to entar the
heatad flow cell directly. About 10X of the flow is divertaed befors the
pressure drop to 100 torr; after separate pressure drop to 100 torr and flow
meagurenent, this secondary flow is conducted through a glass tube contain-
ing the active substance (HMX, etc., sample flow). This "reservoir” tube
extends into the heated flow cell through an o~ring-sealed Cajon fitting.
In this manner, small amounts of the active, low vapor prassure substrates
are injected into the main, or dilution, flow. The position of the inject-
ing orifice can be adjusted o that mixing of the sample and dilution flows
takes place just in front of the laser-irradiated region or several centi-
meters upstream. In the forwer case, the substrate in the narrow coaniecal
portion of the laser-heated cylinder that is expanded into the noszle will
not have contacted any metal surfaces, either before or after the laser pulse.

The laser bean irradiates the reaction mixturs as close as poasible to
the nozzle, so that the expansion wave generated by the laser heating pushes
the gas inside of the expanding nozsle. Thus, a few us after the laser pulss,
the mixture is frozen by the adiabatic expsnsion, and radicals formed in the
eaarly process of decomposition ars transported, without undergoing collision,
to the QMS in less than a ms.
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5 SUMMARY

Laser—powered homogenous pyrolysis has besen successfully used to pro-
vide conditions wvhers surface-sensitive and strongly adsorbing substrates
can be indirectly heated by an infrared lascr and allowed to react while
renote from potentislly catalytic surfaces. Furthermore, the use of inter-
nal temperature standards allows the "effective” reaction temperature to be
defined such that accurate Arrhenius parameters for the homogensous gas-~phase
decomposition can be determined. Application of the techuique to the decom-
position of the mono~, di~, and tri-nitro bensenes has allowed the deteramin-
ation of the Arrhenius parameters for the respective phenyl-N0, bond scis-
sion reactions, aven in the case of two ortho~methyl substituted nitroben~
zsenes (ortho-nitrotoluens and 2,4-dinitrobenzens). All previous attempts to
determine the homogensous gas-phase decomposition pathways for these nitro~
benzenes had failed apparently because of their proclivity for surface-
catalyzed processas.

The homogenous gas-phasa decomposition bshavior of the mono-nitroben-
genes has turned out to be lass simple than anticipated: The effect of an
ortho~methyl group is sufficient not only to significantly accelerate the
expected loss of an adjaceat =NO, group, but also to open up & nev reaction

WREr VA ot Mg, S N L P e e gt BV R R

pathway. Thus, even under "truly” homogeneous gas—phase reaction condi-

h tions, a ainor fraction of the reaction proceeds through a pathway that does
5 not produce the o~methylphenyl radical expected from phenyl-NO, boud scis-

' sion:. In general agreement with these results are preliminary results

ﬂ obtained by Tsang in a hca:ad'linglc-pullo shock tube, although the exact

ﬁ rates and the fraction of reaction proceeding by the "abnormal” decomposi-
tion are somevhat different. We anticipate that detsrmination of the fac-
tors affecting the amount of abnormal reaction observed will provide a valu-
able key to understanding the decomposition pathways in functioning nitro-
aromatic explosives.
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Preliminary studies of trinitrotoluene and trinitrobensens exhibit what
may be an sxtension of the behavior of ortho-nitrotoluene, in that no pro-
ducts reflecting initial phenyl-NO, bond scission could be detected, and
substantial amounts of low molecular weight geases were observed. There are
indications that this fragmeutation of the aromatic ring is actually a homo-
geneous gas-phase reaction; howsver, experimental tresults do not at this

¢ 2 USRS PR LT i N

point allow us to rule out formation, from the tri-nitro aromsatics, of
internediate addition compounds having too low a vapor pressurs to escape
from the cell. Adsorption of these materials on the inner surfaces of the
KCl windows could then result in pyrolysis of the adsorbed materials at tem-
peratures high enough to cause fragmentation Of any aromatic ring.
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The recently complated molecular~besm mass-spectrometrically monitored
version of LPHP (LPHP~3) is expected to be particularly valuable in clarify-
ing this behavior of the tri=-nitroaromatics and other energetic materials of
very-lov vapor pressure. The capabilit- ‘rect, real-time observation
of the initial fragments will be highly ~atary to the GC/MS-monitored
LPHP=1 that is limited to analysis of a sca.wnged product mixturs, but whose
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capability to quantitate complex reaction mixtures with an extremely wide
dynamic range sakes it well-suited to the measurement of rate parameters
over a vwide temperature range. Ve are currently testing out the LPEP-3
system; we are also adding to the original pulsed laser heating source & cw
laser-heating capability that will facilitate separation of cheuwical resc~
tion effects from the gas-dynamic hesating effects and will also substanti-
ally increase the duty cycls of the cystem.

In summary, the LPHP techuique, as already embodied in the well-mixed-
reactor, GC/MS-monitored version, has provided rate and mechanistic informa-
tion on the homogenecus gas-phass decomposition of moderate molecular weight,
low vapor-pressure, surface-sensitive nitroaromatics that was not previously

T TATVE TS T

available from other techniques. Use of the recently completed LPHP-3 will
make identification of initial decomposition products more diract and also

. %

extend the capability to materials of substantially lower vapor pressures.

e

Together these techniques will help provide an information base of the
intrinsic decomposition bshavior of aenergetic materials that is necessary
for understanding the chemical factors that control the decomposition of
functioning condensed-phase energetic materials.
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Mechanism of Decomposition of Nitroaromatics. Laser-Powered Homogeneous
Pyrolysis of Substituted Nitrobenzenes

Alicia C. Gonzalez,! C. William Larson,! Donald F. McMillen,* and David M. Golden

Department of Chemical Kinetics, Chemical Physics Laboratory, SRI lmrmuo.ual.
Menlo Park, California 94028 (Received: December 26, 1984)

Laser-powsred homogensous pyrolysis (LPHP) has been used to study the gas-phase thermal decomposition of nitrobenzene
(NB), r-dinitrobsnsene (m-DNB), p-nitrotolusne (»NT), o-nitrotoluane 5317). and 2,4-dini uene (2,4-DNT) under
conditions where surface-ca reactions are preciuded. The Acrhenius parametevs have been detarmined by comparative
rate measuremaents relative to decomposition and the reaction mechanisms have boen established. In all cases,
the rate-limiting step is the homolysis of the Ar~-NO; bond. The measured Arrhenius parameters forbomolylhu:r (rom
log A = 14.5 to 16.4 and £, from 67.0 to 70.0 kcal/mol. The C-NO, bond dissociation energies (kcal/mol) and values
of log k (s7) for NB, m-Dh’!. ;-NT. 0-NT, and 2,4-DNT have been derived from thess results and ars as follows: 71.4
h 2.0, (15,5 s 0.9) - (68.2 s 1.7)/2.3RT; 73.2 th 2.4, (14.5 & 0.5) = (700 s 2.1)/2.IRT} 71.4 sk 2.3, (14.9 £0.9) = (68.2
& 2.0)/2.3RT; 70.2 &k 2.5, (16.4 & 0.6) - (67.0 & 2.2)/2.3RT; 70.6 k 2.0, (15.3 & 0.4) ~ (67.4 & 1,7)/2.3RT.
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Introduction

The thermal decomposition of aromatie nitrocompounds has
Nthmﬁu&'.mme “?ﬂm‘”
years, but us paramsters cover & rangs
and the products of the initial lmm&ny unknown. It
is well-known? that the thermal position of nitrobenzens
in & Nj carrier stream resuits in biphenyl and other products
traceable to initial bond scission to form phenyl radical and NO,,
but o-nitrotoluene reacts under these same conditions by a different
pathway.’ In the latter oase, the principal product has besn shown
to be aniline, resulting from the initial formation of anthranilic
acid? Similarly, the presence of an o-methyi, -amino, or -hydroxy
substituent }m been reported? t:::uu: lh:;h mh:. the Arrhcnlrm
parameters for gas-phase decom sxpected for
thermolysis of an approximately 70 keal/mol bond to values
suggestive of a complex intramolecular process:

©_No, @ T

log 4g(s”) «{17.0-69.0)/2.303 AT

CHp <M B—O—H

: 0" H
¢,” ~
o u

log Agln™") o (12.4-49.8)/2.3038T

Although various six-membered transition states leading to the
intramolecular redox reaction shown in reaction 2 are geome-
tricaily quite plausible, none of them appear to lead directly to
sufficiently stablo products to be associated with the observed
activation energy: OH elimination has been as the first
step, but this reaction as written ls estimated? to be 80 kecal/mol
endothermic, and therefore could not give rise to an activation
energy in the range of 40 koal/mol. On the other hand, the stable
products observed in reaction 2 require substantial movement of
at least four atoms, a kind of rearrangement that is difficult to
imagine taking place in a single elsmentary step in the gas phase.
These results lead us to suggest that the complex reactions in-
dicated by the reaction products snd the unexpectedly low Ar-
rhenius parameters were due to surface-catalyzed reactions,
notwithstanding efforts made to avoid them. This would be
consistent with various condensed-phase TNT studies that have

_ 'Visiting Scientist on leave from Concajo Nacional de Investigaciones
Clentificas de h';mbllu Argentina.
{Cusrently at Laboratory, Edwards Air Force Bass, CA.

suggested through spectroscopic obssrvations® or isotope effscts’
m‘mw (')dl:h:l:‘hn tholo-muhyl% is
ments in which very low-pressure ys
(VLPP) was ueed to study the decomposition of 2,4-dinitrotoluens
e nuhlh(z.:-;nh?';)?‘f (12 I.Mg;)/? JR“;")'
snergy process ( ™) = (12,1 - 43.9)/2. )
and not indicative of thermolysis of the Ar-NO, bond.® Sinos
in VLPP all substrate heating is by contact with the reactor walls,
surface-catalyzed reactions can dominate in substrates that are
prone to them. Therefore, various coatings were used on the VLPP
renctor in to eliminate such reactions, but uitimately what
appeared 10 be & surface-catalyzed reaction could not be elimi-
nated. Thus these results were consistent with, but did not
our speculation that the low Arrbenius parameters pmml‘;r

reported were dus to surface reactions.
We have 4 pulsed-laser techniquse in which a CO,
laser ib wead to0 y heat the substrats via an absorbing but

unreactive gas (e.g., SFg). During and after the laser heating of
the SFy, rapid vibrational-to-vibrational energy transfer oocuss
between SF, and the bath and sample molecules. Under thess
conditions, thers is no surface component to the reactions, since
the wall remains coid relative to the reaction temperaturs. After

(1) (s) Dacorw, J. C.; Adalphy, H. Q.; Kamist, M. J. J, PAys. Chem. 190,
74, 3038. (b) See, for Maksimov, Y. Y. Russ. J. Phys. Chem. 1973,
46, 990. Dabovitakil ot al. /iid. 1961, 33, 148. (c) Beckmann, J. W.: Wilkes,
J. J;; MoQuirs, R, P. Thermoachim, Acte 1977, 19, 111,

“ l(2) Hand, C. W.; Merritt, Jr., C.; DiPistro. <. J. Org. Chem. 1977, 42,

gli) Fleide, E. X.; Meyerson, 8. TetruNedron Lets. 1968, 10, 1201, (b)
Fle K.: Msyerson, 8. Adv. Free-Radical Chem. 1968, 3, 101.

(4) (a) Matvesy, V. Q,; Dublkhin, V. V.; Nezin, G. M. Inst, Khim. Fis.
Chmglwh. USSR 1978, 4, 783. (b) Matvesv, V, G.; Dubikhin, V. V.;
Nazin, G. M. Aced. Sci., USSR Buil., Div. Chem. Sci. 1978, 2, 474 and
references cited therein,

(3) (a) Benson, S. W. “Thermochermistry and Chemical Kinetice™, Ind ed.:

Wilsy: New York, 1976. (b) McMillen, D. F.; Golden, D. M. Annu, Rev.

Phys, Chem. 1983, 33, 493-832, (c) Batt, L; Robinson, G. N. In *Chemistry

7!9 . mo’?mp - Supplement F*; Patal, S, Ed.; Wilsy: Chichester, UK,
ip .

(6) (a) Davis, L. P.; Turner, A. G; Carper, W. R.; Wilkes, J. S.; Dorey,
R. C.; Pugh, H. L.; Sieganthaler, K. E. 1815t National Mesting of the Am-
atioan Chemical Soclety, Atlants, Ge, March-April 1981; American Chemical
Society: Washington, DC, 1981, (b) Sharma, J.; Owens, F. J. Chem, Phys.
Leut, 1979, 61, 280. Owena, F, J.; Sharma, J. /. Appl. Phys. 1908, 31, 1494.
(c) Davis, L. P.; Turnar, A. G. Ins. J. Quantum Chem. 1983, 7, 193, (d)
Turner, A. Q.. Davis, L. P. J. Am. Chem. Soc. 1984, 106, 5447, (e) Davis,
L. P; Tumner, A. G.; Carpar, W. R.; Wilkes, J. S.; Dorey, R. C.; Pusgh, H.
L.; Slegenthaler, K. E. rmochemical Decomposition of TNT: Radical
Identification and Theorstica! Studies”; Frank J. Seiler Ressurch Laboratory,
Project Report FISRL TR-81.0002, April 1981.

P {7.)mslhuhlfod. S. A, Beckman, J. W.; Wilkes, J. S. J. Org. Chem. 1977,

. 4101.

(8) McMillen, D. F., unpublished work.
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Figere 1. Schematic of gas chromatographioally monitored laser-powsred homogeneous pyrolysis flow system.

s sufficient number of these collisions, thermal equilibrium is
attained, and observed reaction rates reflect thermal Arrhenius
parameters. IR fluorescence measurements show that the entire
mixture Is brought 10 temperature in less than 3 us and that the
reaction time befors cooling by an expansion wave is about 10
un, far shorter than the millisecond time scale for diffusion to the
walls. The heatad flow system we have incorporated® makes this
technique suitable for studying substrates (like the nitroaromatics)
with very low vapor pressure at room temperature, This enables
us to study the decomposition of Lhe nitroaromatics under con-
ditions where the rates and products of the initial step can be
measured, and where a clear distinction can be made betwesn
homogeneous gas-phase processes and those processes aided by
associstion with mrfncu or condensed phases.

Experimental Section
Figure 1 shows a schematic vl ?the LPHP flow system, which

|
=== == ey

is described in detail elsewhere.? A slow flow of SF, (infrared [ TIME
absorber), CO; (inert collider:, temperature standard (cyclo- Figure 2. Schematic representation of s spatially averaged substrate
hexene), radical scavenger (o-fluorotoluene or cyclopentane), and concentration as a function of time.

substrate were passed through the reaction oell, through a heated
gas chromatographic sampling valve, through a nesdle valve, and
into a vacuum pump. The tiow line and the reactor were heated
to 100 *C, to avoid condensation problems. Flow was maintained
at the desired level by ai: .ting the first needle valve and total
pressurc was maintained at 110 torr by adjusting the second needle
valve. A small portion of the reaction cell (typically 2-5%) was
irradiated with the P20 line = 10.6 um of a Lumonics K103 CO,
laser (duration = | us, fivence =  J/cm?) at a constant repetition
rate (0.2 Hz) untit 5 new steady state of products and undecom-
posed substrate wi. uitained as shown schematically in Figure
2. Thecell |-u.orpome| KCI windows to transmit the IR ra-
distion, a 1.2 <1.+? "aser aperture to define the heated volume, and
a rear refle~ting mirror to maintain axial temperature homogeneity
under condi: ons where as much as 20% of the laser radiation is
absorbed in a single pass. The reaction temperature was controlled
by vaiy, g the IR radiation encrgy and the SF content of the
gac nusture. The flow time and irradiation frequency provide
. «cast 20 laser shots during the average flow lifetime of a sub-
rate molecule in the cell and ensure complete gas mixing between
shots.
When the system reaches the “steady-state™ with the laser being
repeatedly pulsed, the decrease in average concentration of sub-

(9) McMillen. D. F.; Lewis, K. E.; Smith, G. P.; Golden, D. M. J. Phys.
Chem. 198, 86, 709.
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strate A during any single laser pulse equals the replenishment
(by flow) of A before the next laser pulse and results in the
sawtooth horizontal line shown in Figure 2. Under thess con-
ditions, measurements of the average fractional decomposition
lead to the rate constant for substrate decomposition via eq |

S 7

where & is the first-order rate constant describing disappearance
of A, , is the reaction time (10 us) following each laser pulse,
7, is the time betwoen laser pulses (4 s), r,is the flow lifetime in
the reaction cell (typically 200 s), ¥ and ¥y are the total and
laser-heated cell volumes, and A4, and A, are the laser-off and
laser-on steady-state substrate concentrations, respectively.’
The need to measure explicitly the temperature corresponding
to any particular measurement of & is eliminated by concurrent
determination of the fractional decomposition of a temperature
standard, a second substrate whose decomposition rate temperature
dependence is already well-known, and therefore whose fraction
decomposition defines an “effective™ temperature.’
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Mechahism of Decomposition of Nitroaromatics
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Figure 3. Effect of scavenger on 2,4-dinitrotoluens decomposition rate.

According to oq I1, & plot of log k; vs. log k; gives a straight line
of log k, = slope £,/£, and intsrcept of
log A, + {1 = (B\/E))] log v, = [E /E)) log 4,

Inspection of eq II reveals that uncertainties in reaction times will
«mmmhmnopdmmmtmnuzot(m
measured activation energy) and that the error in the intercept
(4 factor) will bs given by (1 - (B,/Ey) log (fudff.)- When
E; and E; are nnt greatly different, this error will be insignificant.
For example, when E/E, = 0.9, even a tenfold error in 7, will
result in an error in log Ay, of only 0.1 log units. This s in scoord
with the error analyses for the comparative rate technique as
applied to the single-pulse shock tube.?10

The comparative rate technique is similarly acoommodiating
with respect to variations of temperature with time and ;
within the Inser-heated volume. Under the conditions bed
above, and when the activation energy of the standard is within
~5 keal/mol of the unknown, and when the fractional decom-
position of both unknown and standard are maintained below
~20% per shot in the laser-heated volums, error analyses®!! and
tests with “dummy” unknowns have shown? that the systematic
error is less than ~1 kcal/mol, irrespective of the range of the
temperature variations. In other words, for suitably matched
unknown and temperature standard, temperature variations will
be tracked very similarly by the unknown and the standard, In
the limit of exact Arrhenius parameter match, of course, there
will be no systematic error.

Cyclohexene was choson as the temperaturs standard because
of its very well-known kinetic parameters, the stable products it
forms, and also becauss its activation energy was close to the
expected activation energies for the nitrocompounds.

cyclohexene ~ ethylene + butadiene
log k (s7') = (15.15 — 66.6) /2.3RT

In all the experiments the products have been identified by using
8 GC equipped with a mass-selective detector (Hewlett Packard
5880 A and 5970 A) and the average concentrations of reactant
and products were measured gas chromatographically by using
a flame ionization detector.

Results

For ail of the nitroaromatics studied here the principal reaction
pathway, as will be seen, involved scission of Ar-NO, bond to
form, after radical scavenging, the corresponding Ar~H. Initial
experiments, conducted without a radical scavenger, showed several
secondary products in small amounts, 5o that the use of a scavenger
to react with the radicals formed in the first step was necessary.

(10) (a) Taang, W. J. Chem. Phys. 1964, 40, 1171. (b) Teang, W. J. /bid.
1964, 41, 2487, (c) Teang, W. J. J. Phys. Chem. 1972, 76, 1 4). (d) Teang,
W. J. 1bid. 1941, 46, 2817,

(11) Dai, H-L.; Specht, E.; Berman, M. R.; Moore, C, B. /. Chem. Phys.
1982, 77, 4494,

‘e
S

-8, LI ST IR VO W T ) . o,
M N L T ‘.Rh'.“.'.‘.'.'

DNINTA N Y Y N L

00

LOG K r, INTROAROMATIC
3
TITTUJ VT IT YAy rJrrory

40 i ol - L 1 L L 1 |
=34 -8 =12 048 0.0
LOG K 7, CYCLOMEXENE

Figure 4. LPHP comparative rats plot for ArNO, decomposition.
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TABLE I: LPHP Derived Arvhenius Parameters of Ar-NO,
Dessmposition

compd log A, K,
N 15.2 4 04 6654 1.5
m-DNP 1454 0.5 700 & 2.1
PN 148 & 0.5 678 420
o-NT* 159 % 0.5 65.9 %20
2,4-DNT* 152 4 04 670 1.8

» 152404 672418

“Rate porameters for total rate of Ar-NO, disappearance; ths dif-
furence between thees valuss and those for bond scission only s exper.
imentslly insiznifioant (i.e., A log 4 £ 0.04). *Rate parameters for
ArH formation oaly.

‘To chooss the optimum amount of scavenger, ssveral runs wers
mads in the presence of o-fluorotclusne or cyclopentane up toa
400/1 ratio to the mitroaromatic concentration. When ratios
greater than $0/1 were used, the system did not show any changs
in the reaction rate or in the product distribution, A ratio greater
than 100/1 was usually used. Figure 3 shows 2 comparative ratc
plot for 2,4-DNT decotnposition whii o-fluorotoluens or oyclo-
pentans as the radical scavenger, illustrating that the rate constants
are independent of the idsntity of the scavenger.

Although small flow varistions and low fractional decomposition
make an exact mass balance difficult to establish, in only ons case
did the sum of all detected products leuve more than $-8% of the
decomposed starting material unaccounted for. This was for
o-nitrotcluens, whers the mass balance renged botween 75 and
80%. Figure 3 shows a comparative rate plot for 2,4-dinitrotoluene
that is based on starting material disappsarance and product
appearance, illustrating the good mass balzncs.

The comparative rate data plots for ths decomposition of ni-
trobenzene to form benzane (75-80% yield based on the NB
decomposed) and phenol (20~-25%), o- and p-nitrotolusne to form
tolusne (70-95%) and o- and p-crcuol, respectively (7-8%), 2,4-
dinitrotoluene to form p-nitrotoluens and small amounts of o-
nitrotoluene (8%), snd m-dinitrobenzene to form nitrobanzenc
and small amounts of benzene are all shown in Figure 4.

The Arrhenius parameters (k,.) are obtained from the data
in Figure 4 by using the comparative rate expressiun shown above
(oq 11). Since under the present conditions (p = 320-375 torr
and 7’ = 1100-1250 K), the cyclohexene decomposition is very
slightly in the falloff (k,u/ke = 0.96-0.99), the temperature
dependence does not correspond exactly to the high-pressure
Arrhenius parameters. In order to determine the temperature
dependence of cyclohexene at this degree of falloff, we performed
& RRKM calculation using a collision efficiency of § = 0.1-0.09
and a transition-state model in which the motion of the separating
fragments are treated us loossned vibrations. From this we derived

log kull,CHl (l") m (14.9 - 65.5)/2.3RT

These parameters when coupled to the slope and intcrcept derived

5
AT

S




o e F C THERL s e e 3 s R e e o MR F R PSS T R < 8 B T e I e O S

Lo 1

Ly

4812 The Journal of Physical Chemisiry, Vol. 89, No. 22, 1983

TABLE I: Experiometel Parameters, Estimated Extents of Follofl,
= High-Prossurs Parameters for the Thermelyses of the Ar-NO,
derived high-presture
parameiers

compd log 4, E, k/k. log 4. [
NB 152404 672415 084 155403 682417
1)-DNB 145408 700&2.) (1) 145405 700k 2.1
PNT 48403 678420 096 149805 682420
oNT 159405 635420 075 164406 670k2.2
24-DNT 152404 670415 096 153404 674 1.7

from the relative rate data us the X, and the 4 for the
nitroaromatics mmmrlulr“ able I, ‘

in

To obtain the high-pressure parameters, the sxperimental k.,
were fitted via an RRKM calculation using a modified Gorin
model for the transition state'? and literature vibrational as-
signmants for nitrobsazens.’’ In this modsl the modos of the
transition state are taken as the vibration and rotations of the NO,
snd phenyl fragments. The extarnal rotation about the NOy-Ph
axis {s taken as active, and the other two extemnal rotations are
taken a3 adiabatic in the molecule. The internal rotation about
the NO,~Ph axis I fres in the transition state, and the other
internal rotations of the phenyl and NO, fragments are taken as
“restricted” {ree rotation at the Ph—NO; distance of the critical
conflguration. The of restriction is acoounted for by the
hindrance parameter'd which ranged from 0.9 to 0.95, which
decreass the entropy of the interncl rotation by decreasing the
effective moment of inertia of the rotor. A tewnperature-inde-
pendent valus 0.1 was chosen for the collision efficiency 8. The
results are presanted in Tables 11 and I (virtually identicel
high-pressure Arrhenius parameters were obtained by fitting the
data with a vibrational transition-state model). The changes in
the nitrobsnzene parameters that resultsd from Increasing 2 to
0.15 ware negligible, mainly because the system is very close to
the high-pressure limit. -

For each compound, we found the high-pressure parameters
that best reproduced our sxperimental rate constants in the fol-
lowing way: we arbitrarily choss sets of 4 factors ranging from
our 4 sxperimental to log 4 = 17.0 at 0.5 log unit increments,
(the high-pressure A4 fuctor was actually not constant, but was
allowed to decrease by log A = 0.1 from 1100 to 1250 K in order
to match experimental curvature in log k va. T. This corresponds
to a slightly temperaturs-dependent value of the hindrance pa-
rameter.'?  We then adjusted E, to fit our experimental rate
constant at 1100 and 1250 K caactly. Unless the exactly correct
A [rctors were by chance among thoss chosen initially, this re-
quired slightly different values of E, at 1100 and 1250 K for each
A factor, The best in the initialiy selected set of log 4 values was
that which allowed the experimental &,,, to be fit exactly with
a minimum differeace in E, at 1160 and 1250 K, We made the
final adjustment by taking an E, that is a weighted average of
the s.. of values bracketing the correct £, (i.¢., the “minimum
differvace” B, set), andl with it obtained the high-pressure pa-
rameters that exactly reproduce the k,,, experimental nt 7.

The question of the uniqueness of th rate paramsters and the
sensitivity of the fit s addressed by the Arrhenius piot in Figure
5. The solid line is a plot of k,,(NB,,,,) and also reprasents
almost sxactly the RRKM calculated K, values obtained for log
A.=155(15.4at 1250K and E, = 68.2, For comparison, the
dashed &, values ware calculsted for log 4, = 16.2 (16.1 at 1230
K). The upper solid line represents k.. for the fitted parameters,
illustrating the extent of falloff observed under these conditions.

The above results provide convincing evidence that the ho-
mogeneous gas-phase thermal decomposition of the sromatic
nitrocompounds in the presence of rudical scavenger SH proceeds
by initial homolysis of the C~NO, bond, the weakest in each of
the respective substrates, and that the complex intramolocular steps

(12) Smith, G. P.; Goiden, D. M. Inr. J. Chem. Kinet. 1978, [0, 439.
) 2(;3) Green, J. H. §.; Harrison, D. J. Specirochim. Acta, Part A 1970, 264,
} .
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00
i = NO; Added; NO,/ArNO, > 10/1
08 b
{2 j=
[k S
g
34 -
4_0 i i 1 1 L ] 1 L }
-30 24 18 1.2 Y 0.0

LOG k r, CYCLOHEXENE
Figurs 6. Effect of NO, addition on nitrobenzene decomposition.
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suggestad in the literature do not take place as homogeneous
gas-phase reactions:

ArNO,; = Ar + NO, (1
Are+ SH = ArH + §: (18)

In order to determine whether reaction 1 is reversible (~1) under
the LPHP conditions, 1nd to determine whother the obssrved
phenol and cresol formiation result from recombination of the NO,
at the oxygen (~1) followed by reactions 4 and $ or by an in-
tramolecular rearrangoment reaction 3, the decomposition of
nitrobenzenc was studied in the presence of added NO,, !

Ar- + NO; — Ar-ONO (-1% ;
!
ArNO, == ArONO 3)
ArONO =% ArO- + NO @)
ArO- + SH ~» AfOH + S- 0

Addition of NO, at ratios up to 50/1 NO,/NB did not affect
either the product distribution or the rate parameters, as is shown
in Figure 6. It is clear, therefore, that under the conditions of
these experiments no Ar- returns sither to ArNO; (-1) or to
ArONO (-1’), and all observed phenol formation must be the
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TABLE [II: High-Pressure Arvhenius Parameters for Ar-NO,; Homelysls and Derived BDE Valuee and Radical Recombination Parameters

BDE/’ asge) log Ariin Euye’

compd log A, ¢! L, koal/mol keal/mol cal/(mol *C) r M keal/mol
NB 1554 0.5 68.2% 1.7 714 % 20 45.5 86% 03 1.1
1,L3.DNB 1484 0.9 700 & 2.1 732k 24 42 84208 1.1
pNT 149 % 0.5 68.2 & 2,0 N4 k23 4238 874048 1.1
o-NT 16.4 & 0.6 670% 2.2 70.2 & 2.5 ' 49,6 8.7 % 0.6 1.1
24-DNT 153 04 674 & 1.7 70.6 & 2.0 428 8.74 04 1.1

¢ AHyy®. *For the sake of consistency, the lower bond scission A4 factors have been taken to imply lower overall entropy decreases for dissocistion.
This results in a compensation effect, making &l log A, similar. *E, is for recombination described in concsntration units,

TABLE IV: Effect of Substituents

log k.  ABDE, A(AC%)!

compd (100K kal/mol Alogk keal/mol
NB 193 © © ©)
m-DNB 0.5 +1.8 -1.34 +6.7
pNT 1.32 0 -0.61 +3.1
~NT 3.03 -1.2 110 iy
24DNT 191 o8  -002 +0.1

*Thess values are taksn from the RRKM fitting of the measured
rats constants, and differ slightly from the “raw” data plotted in Figurs
4. (Alog k)(z.anrr.). ¢Predicted log k(1100; 2,4.-DNT) = 1.97 +
1.10 = 1.34 = 1.69. “Predicted ABDE(2,4-DNT) = 1.8 = 1.2 = 0.6,

result of an intramolecular process 3, This does not imply that

under no conditions can pheadl formation result from =NO,
rocombination; these results only show that it does not result under
LPHP conditions, where the ratios of scavenger to phenyl radicals

and scavenger radicals to phenyl radicals are so large that NO,
is consumed either by abstracting hydrogen from the scavenger
or by oxidizing the scavenger radicals, but not by oxidizing the
phenyl radicals (reactions =1’ and 4).

The high-pressure rate parameters associated with reaction 1
are shown in Table III. From thess parameters the bond disso-
ciation energies for Ar-NO; and the Arrhenius parameters for
the recombination reaction at 1100 K have been calculated, as-
suming an unhindered Gorin model'? for the transition state (see
above), and are ulso shown in that table. The BDE we have
obtained for nitrobenzene (71.4 keal/mol) is in very good
agresment with the valus of 71.3 koal/mol selected by McMillen
and Golden.® From the BDE valuw for the removal of the NO,
from p-nitrotoluene and 2,4-dinitrotoluene and their heats of
formation,'* the heats of formation of CH,~Ph and CH,~Ph-NO,
are determined to be 70.9 and 71.1 kcal/mol, using the thermo-
dynamic relationship AH(* 109(Ph) = AH®14(Ph~NO,) + BDE-
(Ph=-NO,) = AH*104(NO;). The rate parameters associated with
the reaction of nitrobenzene forming NO (l.e,, nitric oxide) and
phenol have been determined as log k. (s7') = (14.3 & 1.0) - (65.8
& 5)/2.3RT.

Discussion

We have carefully chosen a set of nitroaromatic compounds
that allows us to determine the effect of methyl and NO; sub~
stitution on their kinetic behavior. As described above, in all cases
the principal initial step is Ar~NO, bond scission. The effects
of the various substitution on the rate of this step are compared
in Tabie IV, These oftects are clearly quite self-consistent and
appear to be additive. This can be seen by summing the observed
log k values for the NB and m-DNB, and NB and o-NT, to predict
the log k value for the ArNO, which has both a m-NO; and an
o-methyl substituent. The agreement between the predicted and
measured values is essentially exact. Similarly, the rate constants
reported here for NB (forming benzene and phenol) are in very
good agreement with those recently measured by Tsang in a heated
single-pulse shock tube,'’ log &k (s™') = (15.4 - 66.0)/2.3RT.

For o-NT, on the other hand, preliminary results of Tsang are
in some disagreement with those presented here. Although the

(14) Lenchitz. C.: Velicky. R. W.; Sikvestra, G.; Schlosberg, L. P. J. Chem.
Thermodyn. 1971, 3, 689,
(!$) Tsang. W., private communication,
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absolute rates of o-NT decomposition are similar, the yield
of toluene in the heated shock tube is apparently substantially less
than the 70-75% observed in the LPHP system, and no other
products are detected by the GC. Tests by Taang to determine
whether the shortage of gas-phase products teflects a difference
in the initial 0-NT decomposition reaction or a difference In the
scavenging of the initially formed radical have not yet provided
a oconclusive answer, but a good mass balance of the expected
products is observed with p-NT,

The identifioation of the tolusne we report in 70~75% yield is
certain: the retention time is coincident with (i.e., varies 0.003
min from) that of authentic tolusne spiked into the product
mixture, and the mass spectrum of that GC peak confirms it as
tolusns. Cyciohexatriene is a possible product, particularly since
ESR studiss have implicated, in condensed-phase decomposition,
formation of 8 with five protons having t coupling
to the radical center, such as would be produced by reerrangement
of an initisl dinitrophenyl radical to s dinitrocyclohexatrienyl
radical. In the drnum work, cyclohexatriene is ruled out by a
retention time difference of G.35 min, even though as an isomer
of toluene it is mass spectrometricaily similar.

In addition to agresment on absolute rates, there is some
“qualitative”™ a t between our resuits for o-NT and those
of Teang, in that our 70~75% yleld of tolusne is poorer than the
90~95% obssrved for all the other Ar-NO, studied here, and we
were not able, by varying pyrolysis conditions (e.g., laser beam
intensity, scavenger identity, pressure, etc.), to raise the yield

~ ofthno-NTXoeom On the other hand, with
p-NT and 2,4-DNT, which has the sams o-methy| relationship
with one of ita MO, groups, our mass balance was 90% or better,
and there was not even a hint of a tendency to undergo a reaction
other than Ar=NO; scission (or ArOH formation).

In light of this puzaling behavior of o-NT, it may be useful to
examine the observed effects of methyl and NO, substitution on
the Ar-NO; homolysis kinetics. The BDE values in Table [, as
discussed abave, are based upon the measured values for the
temperaturs dependencs, taken at fuce value. The stated error
limits are random error limits (one standard deviation), determined
largely by the scatter in the comparative rate plots. The data
provide no firm basis for choosing elther activation ensrgies or
absolute rates as the preferred indicator of relative BDE values.
Given random error limits and the well-known susceptibility of
Arrhenlus plots to unforeseen systematic errors, the significant
point is that the measured absolute rates reflect substituent effocts
that are additive and thus would seem to constitute a set of very
self-consistent dawa. That is, the effect on decomposition rate of
a m<NO, substituent s the same on going from NB to m-DNB
as it is in going from o-NT to 2,4-DNT (Table IV). Beyond the
self-consistency in absolute rates, there are certain trends in the
data that suggest the least-squares intercepts and slopes correctly
indicate, in most cases, whether the measured rate constants
differences are due to activation energy or 4 factor differences.

Examination of the rate parameters we have obtained for the
nitroaromatics (Tables [Il and 1V) suggests that the changes in
the rate constants reflect mainly A factor changes. Thus the high
value for o-NT presumably arises from the greater decreases in
the barrier to internal rotation of the methyl and NO, groups and
from some relief of angle strain as the NO, departs, as compared
with the reaction of nitrobenzene itseif or with p-NT. The lower
rates for m-DNB and 2,4-DNT are associated with slightly higher
BDE values (and activation energies) and substantially lower 4
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factors. Although a «lightly tighter transition state (lower A4
factor) would be expected with a stronger bond, the large apparent
drop in the A factors cannot be rationslized on that basis alone.
An observed A log 4 = 1,0 in going from NO to m-DNO couid
be easily ascribed to random errors in the Arrhenius parameters,
were it not for the fact that this 4 factor drap is aimost exactly
duplicated in going from o-NT 10 2,4-DNT. A possible ration.
alization lies in the fact that a second NO, meta to the first
decreases the importance of C-N double-bonded resonance
structures lnvolvln; my one of the NO, mpl

@.___@
\\‘0‘,10 0’,10
\
[::f::]\‘ 0~ 0" —— o
/ \u’

m“lnhlbition‘wiuwumdm-NO,mpdmﬂl.
sllowing more contribution of a C-N double~tnd structure for
the remaining ~-NO, group. This will result in an increase in the
barrier to internal rotation and a conscizimt decrease in the A
factor because of the lowsr rotational entropy of the transition
state. (It should be noted that the lower bond-scission 4 factors
in Table III, have been taken to imply lower overall satropy
increases for dissociation. This results in & “compensation® such
that all recombination A factors are similar (i.e,, 10° & 0.2).)

In the case of p-NT, the decrease in rats of decomposition (as
compared to NB) is suggested by the Arrhenius parameters to
ba due entirely to a lower A factor. In contrast, we would have
expected similar 4 factors for p-NT and NB (since the methy!
in the pars position should have little impact on relief of strain),
and we would have expected the decrease in rate with p~methyl
substitution to result from a slight strengthening of the Ar-NO,
bond, rationalizable in terms of inductive stabilization of con-
tributing structures that contain a C~N double bond. In fact,
however, the activation-energy-tased BDE for p-NT is the same
as for o-NT (though a BDE difference sufficient to cause the
observed rate differences would be, at ~ 3.3 kcal/mol, easily within
combined standard deviations for the two activation energies) and
the rate difference is reflected in & lower A factot.

The important point is that the rate difference between p-NT
and o-NT (where 11 the absence of steric effects we would expect
little electronic effect) amounts to a difference in free energy of
activaticn of 9 kcal/mol. Thus, even though our results demon-
strate that phenyl~NO, bonds scission remains the principal

Gonzalez et al.

rate-limiting step when an o-methyl group is present, the methyl
group clearly gives a substantial “push® to the departing NO,
group. This would seem to be a situation in which some outside
influence (¢.§., contact with solid surfaces or condensed phases)
could trigger some reaction in which one of the hydrogens of the
methyl group “pushes” all the way into the nitro group, ultimately
transferring & hydrogen to the nitrogen. In other words, the
present resuits indicating Ph=NO, bond scission substantially
accelerated by an o-methyl group show that the strong methyl-
NO, interaction has not, for an isvlated Ar=NO; molecule, yet
reached the threshold for some different reaction. However, it
may be that the extent of “outside” interferences necessary to bring
about such a change in o-nitrotoluenes is not very great, The
nesrness of this threshold could be responsible both for the missing

in the shock tubs decomposition!* and for the anomalous
behavior of nitrotoluenes reported in the literature.248! The
present results, however, demonstrate that these anomalous effects
account, st most, for 25% of the decomposition of nitrotoluene
isolated gas-phase molecules at temperatures in the range of
900~1000 *C, and that additional factors must be brought into
play in order to open up a new reaction channe! that can compete
with homolysis of the Ar~NO, bond. Having made this deter-
mination for mono- and dinitrotoluenes, the question of whether
the decomposition of isolated trinitrotoluene molecules also pro-
coeds by C-NO, bond scission is now being addressed in our
laboratory. Once the behavior of isolated gas-phasa molecules
is characterized also for trinitrotoluene, then the question of
intermolecular interactions that bear on the functioning and
maifunctioning of these and similar energetic materials can be
addressed.

The effects of methyl and NO, substitution on phenyl=-NO,
bond cleavage (Table IV) can be in terms of the effect
on the activation-energy-based BDE values on the free energy of
sctivation. ‘The luttar approximates the change in BDE if all A
factors were assumad to be equal: (a) m-NO, substitution in-
creases the plienyl-NO, BDE by 2 kcal/mol and AG* by 6.7
keal/mod; (b) p-Me substitution (where there is no steric offect)
dots not show any effect on the activation-energy-based phe-
nyl=NO, BDE, but slows the bond scission rate by a factor of 5
(and therefore raises AG® by 3.1 keal/mol; {¢) for o-Mo sub-
stitution, any electronic effect is overwhelmed by a steric eficnt,
resuiting in a net decrease in BDE of | keal/mol and a sub-
stantiaily higher 4 factor; (d) when the molecule has both m-NO,
and o-Me substitution, the bond-strengthening and bond-weak-
ening effects roughly cancel.
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The mechanism of the thermal decomposition of ethylbenzene has been
studied in the temperature range of 1200-1600 K, using laser powered homo-
geneous pyrolysie. GC/MS analysis shows the final products to consist of
toluens, benzene and small smounts of styrens. These products require the
conclusion that the rate determining step is the homolysis of the weakest
C~C bond in.thc‘nolnculo, producing methyl and bensyl radical, even st tem
paratures above 1200 K whera recent shock tube results! had been used to
clain initial C-H bond homolysis. The initial homolysis is followed by the
reactions with the radical scavenger, and the only styrene formed {s that
which results from rapid H~atons chain that result in turn from incomplete

scavenging of the methyl and benzyl radicals:

Ciy~CHy ¥ @CH,* + CHy (1)
®cH,* + 8H ¥ OcH, + S° (2)
cHy* +8H ¥ aH, + s (3)
"CHy + @CHy=CHy ¥ CH, + OCH-CH, (4)
®CR-CHy ¥ dcHeCH, + H (5)
H + ®CHyCHy ¥ H, + OCH-CHy (6)

1




INTRODUCTION

There are saveral studies that have reported the mechanism and the
Arrhenius parameters for the thermal decomposition of ethylbenzene between

4

i

|

‘ 850 and 1100 K. Among these, Laigh and Szvarc,! Clark and Price,? and
l Crowne et al1.3 used toluene cerrier methods, Kerr and coworkers” used an

‘ aniline carrier technique, and Robaugh and Stein’ used the very low-pres~
i sure pyrolysis technique. Despite small differences in the rate param

! eters, there is general agreement that the reaction mechanism involves, as
é the first step the breaking of the C=C bond (the most thermodynamically

favored bond homolysis in the molacule) to form benzyl and methyl radicals.

szcna * QCHQ L d C'ﬂ3 (1)
@CRy + SH + &CH3 + S (2)
CH3 +8H * CH + 8 (3)

Recently Brouwer, Muller-Markgraf and Troe® have reported ethylbenzene

Faoa s - » " EEEERA F V. F F_7F.7 S

decomposition in the temperature range of 1250-1600 K in a shock tubs.
Based on the observation of the UV spectra of the primary products as well
as on the formation of styrene as the only final product, they conclude

that the primary decomposition step must be a C-H bond split in the ethyl
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group with high=pressure Arrhenius parameters of 10171 g1 4pd 81.3
kcal/mol,

@CH)CHy + OCHCHy + H ')

Sinca C-H bond homolyses in general are not competitive with C-C bond
homolyses at more moderate temperatures, the rate parameters of any of the
former class of reactions, with one recent cxe.ption.7 have not baen
charactericed. Consequently, Brouwer and coworkers have taken the high-
temperaturs formation of styrene as indicating that C~H bond scission reac-
tions have very high A-factors along with their high activation energies,
such that they become important at very high temperatures, even though they
are unimportant at lower temperatures. Because of the general implications
of this conclusion for high-temperature resctions of hydrocarbons, it is
important to test its validity by independant measurenents.

The apparently contrndiétory results cited above cannot be rsconciled
easily by invoking crossover at the higher tampsrature of the shock tubs to
a higher A factor, higher activation energy process. That is, even if the
reaction has two accessible channels, a complete change in the reaction
mechanism so that at temperatures below 1200 K, toluene is the major pro-
duct, and at higher temperature, styrene is the only product, would not be
expected. Consistent with this expectation, Tsang has recently determined
the products of ethylbenzene decomposition up to 1300 K in a shock tube and
found styrene as only a minor product.8 In order to fully resolve remain-
ing uncertainties about competing pathways we have studied the reaction by
a technique which makes accessible the full 1200 to 1600 K temperature

range used in the shock tube work of Brouwer et a1.6
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EXPERIMENTAL

The technique used in this work, laser-powersd-homogeneous=pyrolysis

(LPHP), is a modification of the technique first described by Shaub and lnuorg

in which an infrared laser is used to heat an absorbing but unreactive gas,

which then collisionally transfers its ensrgy to the substrate. The modifica-
tion of the method usedl® here incorporates & heated flow systen and a pulsed
infrared laser (Lumonics X~103), The hested flow system makes the technique
suitable for study of substrates with very low room temperature vapor pres-
sure. The use of a laser, which is repeatedly pulsed for very short pariods,
and the rapid expansion wave-cooling, which takes place after each pulse,
helps to minimige secondary reactions. Scheme 1 shows the LPHP flow lyntnﬂ.lo
A slov flow of 8Fg (infrared absorber), COy (inert collider), cyclohexens

(temparature standard), cyclopentane (radical scavenger) and substrate ware

AR ST T W R S W K B i o T

passed through the reactor, a gas chromatographic ssmpling valve, a needle

[

valve and into a2 vicuum puup. The reactor and the flow line were heated to
313 K to avoid condensation problems. Flow was maintained at the desired

level by adjusting the first needle valve, and total pressure was maintained
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at 110 Torr by adjusting the second needle valve. A small portion of the cell

vas irrediated with the P20 line = 10,6 bm of a Lumonics K-103 COy laser

> Yo~
.

vy
!! (duration 1 is) at a constant repetition rate (0.25 Hz) until s new steady

o

[;. state of product and undecomposed substrate was attained (Scheme 2). The cell
e

KL had KC1 window to transmit the IR radiation, a 1.2 cm? laser aperture to

— define the heated volume and a rear reflecting mirror to maintain axial
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tenperature homogeneity while absorbing aproximately 20X of the incident laser
radiation in a single pass. The reaction temperature was controlled by
decreasing the IR radiation energy and the 8F¢ content of the gas mixture.
The flow time and irradiation frequency provided at least 20 laser shots
during the avarage lifetime of a substrate molecule in the cell and assured
complete gas mixing betwean shots. In all the experiments the products have
beun identified by using a GC equippad with a mass l;loctivo datector
(Hewlett-Packard models 5880 A and 5970 A) and the average concentration of
reuctant and products wvere measurad gas chromatographically using a FID
detector,

Measurement of the temperature cqrrclponding to any particular measure

ment of k or % decomposition of the ethylbenzens is accomplished by the

-2 N TR L T R - e E 0 AR Ty XY

concurrent determination of the fractional decomposition of a temperaturs

e
=

standard. Cyclohexene was chosen as a temperature standard to measure the
temperature depandenca of the sthylbenzene dacomposition because of its wall
known kinetic parameters, the stable products it forms and because its

activation energy is close to the activation energy of the substrate.’
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Under “"steady-state,” laser on conditions the decrease in average concen-

l..-; ae e

tration of a substrate A during any single laser shot equals the replenishment

...
*

(by flow) of A before the next laser shot. This leads to equation

[Alo ' vT %y
k"r. =1ln 1 ('ﬂr;.'l) v; ('q)

vhere k is the first order rate constant describing disappearance of A, T, is the

MRS

5

reaction time (10 ks) following each laser pulse, Tj; is the time batween laser

pulse (4 s), Ty 1s the flow lifetime in the reaction cell (typically 200 ),
VT and VR are the total and laser heated cell volumes and Ag and A.' are the

laser-off and laser-on steady state concentration, raspectively.
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The degree of falloff for cyclohexene was estin.tsd using RRXM calculas~
tions based on a vibrational transition state and a collision effici~ncy of B
= 0.1, This resulted in Arrhenius parameters under the LPHP conditions of iug

Kuni (uc"-) « 14,3 = 61.9/ORT (versus log %o (sec™l) = 15,15 = 66.6/4RT).

LY SN

RESULTS AND DISCUSSION

The final products of the pyrolysis of ethylbengene, without an added

S P P A S P Smmm—

radical scavenger and under LPHP conditions that provided up to 70 ¥ decompo-

sition of the substrate, are toluene, benzene, ethylena, styrens, and methana

L

(Figure 1), 1In order to supress the chain decomposition and determine

vhether styrene formation results from the following reactions:

- - " -~ -
- e et e 2" TR -

CHy + @CHypCHy + CH, + ®CHCH, (4)

@CHCHg + QCHwCH, + H (5)

: H+@CHyCHy + Hy + OCHCHy (6)
OCH, + DCH,CH, + BCHy + ICHCH, (7)

or from another set of reactions (i.e., the C-H homolysis invoked by Brouwsr

AR -

et al.), we ran a series of experiments with different amounts of cyclopentane

added as inhibitors. Under these conditions, styrene and the low molacular—

PAERES ¥
W& & &=

waight hydrocarbons formed by degradation of the aromatic ring decreased sub-

stantially compared with the above experiments, and toluene and benzene
increasad to 90~95% of the final aromatic products (Figures 2 and 3). The

product distributions resulting from the decomposition of ethylbenzene in the
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presence of varying amounts of radicel scavenger at diff ~eut temperatures are
" summarized in Table 1.
Although styrene appeared as a tinel p-oduct only in very small
amourta at dif¥erent tsmperaturci when s scavenger was present, the ques~

tion of its thermal stability ‘nd its possible reactions under the experi-

mental conditions had to be addressed. Accordingly, styrene decomposition
vas studied under the same con&itionu of temperature and scavenger as had
been used with ethylbenszene, and the results are presented in Table 2. Ve
are not able at this time, becauss of the many possible reactions that can
take place at this high temperature, to definitively state whether the sty-
rena daconpolit;on results primarily from displacement by hydrogen atoms or
by snother mechanism. The experiments with styrene wers performed marely
to provide a rough measure of the extent to which initially formed styrene
would be consumed under the experimental conditions of the ethylbansene
pyrolysis. The amounts of styrene shown in Table 1 have been adjusted for
this consumption in secondary reactions in order to reflect total styrene

production.

IRy o Ay mEly N N AN R PR SN W S

: Based on the above results, we are forced to conclude that even above

; 1250 K, tha first step of the thermal decomposition of ethylbenzena is the

i breaking of the weakest C-C bond, to give benzyl- and methyl=- radicals

'% (reaction 1). This is followed by the reactions of these radicals with the g
% scavenger (when it is present) or with the substrate. Since in the pre- {
i sence of & fifty-fold excess of inhibitor, styrene formation is almost E
¢ ;
., :.
" ;
% :
1-'. . 7 ;
> {

!
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completely supressed, its formation is entirely consistent with the well

known set of reactions 4-6:

CHy + ®CHsCHy * CH, + DCHCH, (4)
@CHCHy *+ H + ®CHCH, ()
H+QCH)CH 4 <+ UCHCHy + Hy - (6)
@CHy +@CHyCHy + ®CH3 + ¥CHCH, 7
8 + ®CHyCHy + 8H + $CH-CHy (8)

Thus our results, in agreement with those of Rossi and covorkorn.7 do not

2 T p 2 E TR L o R I - -

Justify the invoking of unusually high A-factors for C-H bond scission. We

find this reassuring in that the obvious transition=-stata plecture is that

>

Sa e se ot

the entropy of activation for C~H scission caunot easily be more positive

g

than for sclesion of larger fragments.

——

EXSE. 3

The presence of benzene can be attributed to several reactions in the

framework of the complex chemistry which occur during sthylbensene decompo-

sition at such high temperatures. It is most probably formed as a rvesult

A

of the H atom induced decomposition of toluene or ethylbensene, and in fact

s
Oy
-Teta

provides auother indicator (in additfon to styrene formation) that radical

e‘

scavenging is not completa.

We enphasize it was not our purpose to detarmine precisely the rate
parameters of the ethylbengene pyrolysis, but to datermine the product
yields under well defined condition between 1200 to 1600 K. This neans
that we carried out the experiments under conditions of vary high frac-
tional decomposition that ara not suited for accurata determination of the
rate constant or the effective reaction temperature. However, from our

results we are able to make some comments about the relative rate constants
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for a C-H and C~C bond homolysis. In fact, the dats set an upper limit to

i the ratio of C~H to C~C bond breaking (ky+/ k). If we assume thet all

2 styrena comes from the C-H bond homolysis, and that at the highest levels
?
[}

of scavenger, the H atom produced in reaction® were prevented from propa~

gating a chain, then the rate ratio would be given by the styrene/tolusne

% ratio. This value of ky1/ky (~ 0.06 at 1470 K) is an upper limit in that

N the chain length might be greater than 1, and in that the pool of allyl

:}' radicals in equilibrium with biallyl will be significant at temperatures in
;: the 1500 K range. The latter factor will unavoidally result in the produc-
él tion of a wsignificant amount of styrene via reactions (8) and (S). In

- fact, an estinate, based on equilibrium data in the literaturs,ll of

&
. ' CHy=CHCH, " + ®CHyCHy ¥ CHy=CHCHy=H + 2CHCH, (8)
p%é the allyl radical concentration in equilibrium with the biallyl accumulated
?ﬁ at 50% ethylbenzens decomposition accounts for a significant part of the

i observed styrens production. This fllustrates the fact that effective rad-
ical scavenging becomes inherently more difficult with increasing tempar-

':g aturs. Since the scavenger operates by converting a more reactive radical

&;: to a less reactive radical 8°* (that is, a radical that forms weaker bonds

to hydrogen and carbon), and eince the termination reaction then bacomas

dimerization of the scavenger rndiéoll. it is unavoidable that the weaker
as an abstractor that a scavenger radical 8* is, the higher will be the

concentration of §° in equilibrium with the termination product S5. The
above estimate of styrene production initiated by scavenger radicals, if
taken at face value, allows us to decrease the upper limit of the C-H to

C=C bond scission ratio to 0.03.

-
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This conclusion is amplified and indicated to be conservative if wa
use RREM theory to calculate the rate constants for the two channel thermal
decomposition of ethylbenzene. When we use the known heats of formation
for the radicals and corresponding reductions in vibrational frequencies
for the complex in each of the two transition states, we obtain a value
close to the known raste constant for the C~C b;nd homolysis path but a very
much smaller rate constant for the C-H bond breaking (more than 101'5). In
order to reproduce Brouwar's results we had to assume not only a very much
looser transition state for the C-H channel, but also had to reduce by 10
keal the reported heat of formation of the GCH-CH:,. For the C~C channel,
we had to assume a very tight transition state and we had to increase by 10
kcal the known heat of formation of the radical formed in that reaction
(2CHy). In other words, to reproduce Brouwer's reported 'observation of
styrens as the sole product, we had to assume wholly inconsistent transi-
tion state models for two rather similar bond scission processes. This
involves a much looser transition state for C-H bond scission then for C-C
bond scission, and relative BDE values 20 kcal/mol different than the
accepted literature values.!l The unreasonableness of these requirements
is entirely consistent with our experimental observation that no styrene is

produced by C~H bond homolysis.
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Table 1
PRODUCTS YIELDS IN ETHYLBENZENE PYROLYSIS WITHOUT SCAVENGER!

Cy, + cgﬁz Benzene Toluene Styrene
64.4 9.5 25.7 15.3
91.8 . 1249 31.0 12.4

246.3 12.9 17.7 4.6

PRODUCTS YIELD IN THE INHIBITED REACTION'
OET/SH = 1/10

T Rengzene Toluene Styrene
1470 9.4 13.1 2.2
1480 11.6 17.1 2.7

>1500 26.0 34.5 i2.8
1500 194 36.9 15.6

Q®ET/SH = 1/100

1250 1.7 5.6

1370 6.2 10.2 0.8  0.93 ”
1370 5.9 9.9 0.8 0.93 :
1389 6.9 13.9 0.8  0.93

1470 13.0 22.6 ' 12 1.8

>1500 40.4 25.6 4.6 6,73

>1500 42.7 19.8 4.1 6.33

>1500 52.5 22.8 &3 9.73

lyolar yield expressed as % of ethylbenzene initial,

22(01 + 02) formed from degradation of the aromatic ring. Note that for 100%
decomposition, the sum of yields can be >200% even without ring degradation.

3':St:yreme formation corrected for decomposition in secondary reactions.

12
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PRODUCTS YIELDS IN THE INRIBITED DECOMPOSITION OF STYIENB*

T

1320
1330
1340
>1500

Table 2

Styrene/SH = 1/100

Benszene Toluene
5.1 0.55
3.4 1.8
7.0 2.1
46.0 6.5

‘Molar yield expressed as % of styrene initial,
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FIGURE 1 GC or ETHYLBENZINE AND OF THE PRODUCTS OF ETHYLBENZENG
Decomposition without Scavanesn (50T ruacTion)
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FIGURE 2 GC or thg PyroLysis Probucts of EThyLBENZENE, CYcLOPENTANE
' AND CYCLOMEXENE WiTH SCAVENGER/SumsTRATE = 10/1 At

1500 K, ILLUSTRATING SUPPRESSION OF STYRENE FORMAT(OM
}: BY SCAVENGER.
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FIGURE 3 GC or THE PymoLvs1s PRODUCTS OF ETHYLBUNZENE WiTH
ScAvENGER/SunsTRATE = 100 AT 1500 K, ILLUATRATING
Exvansive Scavanazr DecomposiTion aND INCREASED
Benzane ProbucTioN via H-AtoM DispLacamant AT
HigH TemrarATURES AND LARGE ScAvamesn Excisses.




